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The highly conserved regulatory mechanisms that control progression of a cell through the cell cycle do not, alone, explain
the programmed control of cell proliferation during animal development. Additional controls must coordinate the cell
cycle regulators with developmental regulatory events. Here we report studies of cell cycle control in the imaginal tissues
of Drosophila melanogaster, speci®cally in situations where cell cycle progression is regulated by varying the length of
the G2 phase. We show that G2-phase arrest in late larval wing imaginal disks requires transcriptional control of stg, a
mitotic inducer that encodes a D. melanogaster homologue of the Schizosaccharomyces pombe p80cdc25 phosphatase. In
a second study, string transcriptional regulation was also shown to be important for G2-phase regulation in eye disk cells
posterior to the morphogenetic furrow. Finally, unlike all other situations described to date, string transcriptional regulation
was found not to be the cause of G2 arrest in abdominal histoblasts, these cells being refractory to ectopic expression of
stg. This study further establishes string as an important regulator of G2 phase during D. melanogaster development, but
also reveals that at least one additional mechanism is utilized to control G2-phase length and thus cell proliferation in
different developmental contexts. q 1997 Academic Press
INTRODUCTION In the ®ssion yeast, Schizosaccharomyces pombe, the
CDK1±cyclin B complex forms late in S-phase but remains
Cell cycle studies, particularly in yeast and mammalian inactive through phosphorylation of CDK1 by the wee1/
cultured cells, have revealed an exquisite set of controls mik1 gene products. To enter mitosis, cells transcribe the
that determine the sequence of cell cycle events and ensure cdc25 gene. The cdc25 gene encodes a phosphoprotein phos-
that one event is completed before the initiation of another. phatase with speci®city for the phosphorylated CDK1/
For developing multicellular organisms, an additional layer cyclin B complex (Gautier et al., 1991; Millar et al., 1991;
of regulation controlling morphogenesis and patterning Strausfeld et al., 1991). The inhibitory phosphate groups are
must coordinate cell proliferation with other aspects of de- removed and an active serine±threonine kinase complex
velopment. In attempting to understand the relationship forms which triggers mitosis. Genetic evidence from S.
between developmental regulation and cell cycle control, pombe supports the hypothesis that the cdc25 gene is im-
it is important to discover the rate-limiting steps in cell portant for regulated entry into mitosis (Russell and Nurse,
cycle progression at particular developmental stages and in 1986). In all metazoans investigated to date, homologues of
particular tissues. The primary candidates for this are the these gene products perform identical functions in the cell
cyclin and cyclin-dependent kinase (cdk) complexes and the cycle. In Drosophila melanogaster, the string (stg) gene was
factors that regulate their activity (reviewed by Nigg, 1995). discovered by the analysis of mutations affecting em-
The focus of this paper is on the transition from G2 phase bryogenesis and was shown to be essential for the G2 phase
into mitosis, so it is the action of mitosis-promoting factor to mitosis transition in the 14th cell cycle during em-
(MPF), composed of CDK1 (also known as p34cdc2) and cyclin bryogenesis (JuÈ rgens et al., 1984; Edgar and O'Farrell, 1989).
B, that will be summarized here. Human and D. melanogaster cdc25 homologues can substi-
tute for the cdc25 gene in yeast (Sadhu et al., 1990; Jimenez
et al., 1990). Complementation of S. pombe cdc25 mutants1 To whom correspondence should be addressed. Fax: /46-8-
161570. E-mail: per.kylsten@wgi.su.se. revealed a second D. melanogaster homologue, termed
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twine (twe) which acts in germline cells and in the cleavage Cytochemistry, Immunohistochemistry, and
TUNEL Analysisstage embryo (Alphey et al., 1992; Edgar and Datar, 1996).
To examine the regulation of cell proliferation during de-
Dissected tissue was ®xed as described above, except eye±anten-
velopment we have chosen to study D. melanogaster be- nal disks which were ®xed in PLP (Tomlinson and Ready, 1987a).
cause of a substantial body of evidence describing develop- Chromosomes and cell nuclei were stained with Hoechst 33258
mental regulatory mechanisms. In Drosophila, however, (Sigma) at 5 mg/ml, chromomycin A3 (Sigma) at 20 mg/ml, or ethid-
the only clear example of a cell cycle control gene acting ium bromide (Sigma) at 0.5 mg/ml, in Ringer's solution supple-
as a rate-limiting component of the progression into mitosis mented with 10 mM MgCl2. Tissues were treated with RNase A
(2 min, 10 mg/ml) before staining with ethidium bromide. Theduring development is the regulation, by stg, of the post-
rabbit anti-cyclin A (RB 270) and anti-cyclin B (RB 271) antiseracleavage embryonic cycles (Edgar and O'Farrell, 1989; Edgar
(Whit®eld et al., 1990), kindly provided by D. Glover, were appliedand O'Farrell, 1990; Edgar et al., 1994a,b). In later develop-
as 1:500 dilutions in PBGT (phosphate-buffered saline, pH 7.6, withmental stages, MilaÂn and co-workers (1996) have shown
0.1% Tween 20 (Sigma) to which normal goat serum was added tothat clusters of cells which share a future developmental
10%). The anti-a-tubulin monoclonal antibody (Sigma, T-9026) was
fate in the developing wing disk display synchronous pro- used at 1:1000 dilution in PBTG and visualized with a biotinylated
gression through S-phase. The synchronous stg transcrip- goat anti-rabbit antibody (DAKO, E-0432) and a streptavidin-biotin-
tion and exit from G2 which follows also occurs in cell ylated peroxidase system (DAKO, Duett ABC Kit) or with a FITC-
clusters, but these are not identical to the S-phase clusters, conjugated goat anti-mouse antibody (Cappell, 55439) according to
suggesting that developmental regulation of cell prolifera- the manufacturer's protocols. b-Galactosidase staining was per-
formed on wing disks of the genotype A101.1F3/p[Hs-stg3 ] aftertion through control of the G2 checkpoint also occurs in
heat shock induction followed by 50 min of phenotypic expression.this imaginal tissue.
Staining was carried out according to protocol 77 of AshburnerHere we extend the analysis of the role of stg in cell cycle
(1989), except disks were ®xed in 0.5% glutaraldehyde in Drosoph-control during D. melanogaster development by examining
ila Ringer's solution for 5 min. Detection of apoptotic cells usingpotential roles in G2-phase regulation in imaginal tissues. TUNEL analysis (Gavrielli et al., 1992) was performed on eye disks
We show that stg regulation is a critical part of the control of ®xed in 4% paraformaldehyde in Drosophila Ringer's solution.
entry into mitosis in some, but not all, G2-arrested imaginal Modi®cations to the original protocol, as suggested by Nonclercq
cells, identifying an additional mechanism by which cellu- et al. (1997), were used. Specimens were mounted in 60% glycerol,
lar proliferation is controlled in the growing adult tissues. studied in a Zeiss Axiophot microscope ®tted with a UV lamp and
relevant ®lters, and recorded on 160T slide ®lm (Kodak).
MATERIALS AND METHODS Clonal Analyses
Mitotic clones were induced by X-irradiation with a 1-kR dose
Flies at 1.2 kR per minute on a 100-keV setting or by g-irradiation with
a 137Cs source giving a dose of 1.8 kR at 1.1 kR per minute. Homozy-
Fly strains were kept on corn ¯our/treacle-based food at 257C. gous stg3A1 clones were generated by irradiation of embryos and
The two heat-shock±stg strains, Hs-stgRK2 and Hs-stg3 were kindly ®rst instar larvae derived from w;Ki Sb M(3)95A2/TM2 1 w;stg3A1/
provided by B. Edgar, and the A101.1F3 strain was kindly provided TM3 crosses. As a control we irradiated the offspring of the w;Ki
by P. Martin. Other ¯y strains were from the mid-American stock Sb M(3)95A2/TM2 1 ru st e ca cross. Thoracic and abdominal his-
center (Bloomington, IN). The genotypes used in this communica- toblast clones were generated by irradiation of wandering stage
tion are described in Lindsley and Zimm (1992). third instar larvae derived from the w;p[Hs-stgRK2, w / ]/CyO; / 1
w; / ;Ki Sb M(3)95A2/TM6B cross. To induce stg expression, one
such group of offspring was subjected to a 25-min heat shock of
377C followed by a 40-min incubation in 257C before irradiation.Induction of Mitoses, Nuclear Preparations from
The control group received radiation doses without a prior heatImaginal Cells, and Flow Cytometry
shock.
Late third instar larvae that had settled for pupariation, but
would still move when touched or, alternatively, wandering stage
larvae that displayed at least one everted anterior spiracle, were RESULTS
placed on small pieces of moist ®lter paper in 1.5-ml microcentri-
fuge tubes which were placed in a water bath at 377C for 25 min.
string Is Essential for the Generation of ImaginalThe tubes were then shifted to a water bath at 257C to allow for
Tissuephenotypic expression of the trans-genes. Animals were dissected
in Ringer's solution (Roberts, 1986) and ®xed in 4% paraformalde- To initiate our studies of String action in imaginal tissues,
hyde in D. melanogaster Ringer's solution (Roberts, 1986), or ac- we ®rst asked if stg was essential for imaginal proliferation.
cording to protocol 4 of Ashburner (1989), but without colchicine.
Previous characterization of stg and twe expression sug-The specimens were mounted in glycerol and viewed in the micro-
gested that stg would be required for all somatic mitoses,scope under UV light. Disk cells were prepared for cell cycle stage
but the embryonic lethality of stg prevented a clear demon-analysis using the method of Vindelùv and Christiansen (1990).
stration of this. To overcome this lethality and to assessNuclei from the preparations were stained with propidium iodine
and analyzed in a Coulter Epics II MCL ¯ow cytometer. whether stg is a gene necessary for the development of imag-
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TABLE 1 shock treatment of Hs-stgRK2 and Hs-stg3 wandering third
Generation of stg Clones in Imaginal Tissue by X-Ray Irradiation instar larvae resulted in cells, across all developmental com-
partments of the wing disk, entering premature mitoses
Genotype (Fig. 1B, see also MilaÂn et al., (1996)). Canton S wandering
third instar larvae, identically treated in parallel experi-
w;
Ki Sb M(3)95A2
stg3A 1
w;
Ki Sb M(3)95A2
ru st e ca ments, showed no increase in the number of wing imaginal
cells in mitosis (data not shown, see also MilaÂn et al., (1996)).
Clones 1a (2%) 49 (50%) The ectopic stg-induced mitoses displayed the normal pro-
No clones 51 (98%) 49 (50%) gression of mitotic events. At 30 min into the PE period
( 52 (100%) 98 (100%) anti-a-tubulin antibody staining revealed fully developed
bipolar spindles that traversed condensed chromosomes ata Affecting one bristle only.
metaphase plates (Figs. 1G, 1H, and 2C). Anaphase spindles,
in association with segregating chromosomes, were also vis-
ible at this stage (Figs. 1G, 1H, and 2C). Antibodies directed
against cyclin B showed that cyclin destruction proceededinal tissues, we induced clones of the strong mutant allele,
normally in mitotic cells when they approached, and passedstg3A1, in growing imaginal tissue. Reversion of the stg3A1
through, metaphase (Figs. 2A±2D).insertion by P element mobilization resulted in restoration
To more closely examine the timing of the induction ofof viability, showing that the stg3A1 chromosome was other-
mitoses, wing disk pairs from heat shock-induced Hs-stgRK2wise free of lethal mutations (data not shown). Embryos and
larvae were dissected at 10-min intervals during the PE pe-®rst instar larvae of the genotype; w;Ki Sb M(3)95A2/stg3A1
riod. One disk from each pair was prepared for analysis inas well as control animals of the genotype; w;Ki Sb
the ¯ow cytometer to determine the proportion of G1 versusM(3)95A2/ru st e ca of corresponding developmental stages
G2 phase cells, while the other disk was used to preparewere irradiated with 100 keV X rays to induce non-sister
nuclear spreads for microscopic analysis. Control Canton Schromatid exchange. Only one non-Ki Sb and stg3A1 homo-
larvae were treated and prepared in parallel. Figure 3A showszygous clone was detected in 52 individuals and this clone
that the proportion of G2-phase cells was smaller in the Hs-affected only one bristle. The single wild-type bristle found
stgRK2 wing disks than in the Canton S control, even beforecould have resulted from a double crossover event between
induction of the transgene. During the heat shock a smallthe non-sister chromatids, or from a chromatid exchange
increase in this proportion was seen for both genotypes. Thisthat occurred in the G2 phase immediately preceding the G2 value remained somewhat elevated for the ®rst 30 minlast mitosis prior to differentiation, unrelated to the irradia-
of the PE period. At 40 min, the relative number of G2-phasetion event. In the latter case, the terminally differentiating
nuclei had dropped from 70 to 40%. This ®gure remainedcell only would have been stg0. There is no evidence that stg
low at the 50- and 60-min time points. Canton S controlsis required for speci®cation of cellular identity, so normal
also showed a reduction of the proportion of G2-phase nucleibristle formation should occur in such cells (Hartenstein
at 40 min PE, but the higher level during the 50- and 60-and Posakony, 1990). Control ¯ies showed large clones, af-
min sample points indicates that there was no signi®cantfecting groups of more than one bristle, at a frequency of
increase in the number of G1-phase cells. Nuclei from the50% (Table 1). We conclude that stg is essential for the
other wing disk of the dissected pair were analyzed in thegeneration of the adult cuticle.
microscope for the presence of mitotic ®gures (Fig. 3B). Nu-
clei from Hs-stgRK2 disks showed a low occurrence of mitotic
®gures during the heat shock and after 10 min PE. At 20Ectopic Expression of stg Induces Mitoses in G2- min into the PE period prophase nuclei became visible andArrested Cells of Imaginal Disks of the Thorax
at 30 and 40 min PE, mitotic ®gures became more frequent
and then lower again at 50 and 60 min. These data suggestWe used two different strains, Hs-stgRK2 and Hs-stg3 (Ed-
gar and O'Farrell, 1990), to induce ectopic stg expression in that ectopic induction of the stg transgene resulted in mito-
ses in approximately 30% of the wing disk cells.developing imaginal tissues. Both ¯y strains carry a full-
length stg cDNA downstream of the heat shock protein To further investigate the effects of ectopic stg expres-
sion, in particular on the progenitor cells of the sensory(Hsp)70 promoter. Induction of the transgene was carried
out by administering heat shock to wandering stage third bristles in the wing disk, we induced non-sister chromatid
exchange by g-ray irradiation after the induction of stg. Theinstar larvae. A heat shock period of 25 min was chosen
to conform with similar studies in the embryo (Edgar and generation of clones by such treatment requires the pres-
ence of duplicated chromatids and, therefore, of cells in G2O'Farrell, 1990). Heat shock induction of the stg transgene
was followed by a variable period of phenotypic expression phase. Ectopic stg expression caused a severe reduction in
the number of bristle clones that could be detected on tho-(PE) at 257C and cell cycle stage was monitored by staining
DNA in whole-mount wing disks or isolated disk cells and racic structures (Table 2), which suggested that cells exited
G2 phase after ectopic stg induction. A mitotic responseanalyzing these tissues and cells by microscopy or ¯ow cy-
tometry (Figs. 1A±1H, 3A, and 3B). was also seen among the progenitor cells for the anterior
wing margin cells after stg induction (Figs. 4A and 4B).Analysis of whole mount wing disks revealed that heat
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FIG. 2. Induced mitoses display normal progression of mitotic
events. High-power image of one imaginal disk from a wandering
stage larva, 30 min after stg induction. The disk was treated with
antibodies against a-tubulin and cyclin B and stained for DNA as
described under Materials and Methods. All images show the same
area of the disk. A shows nuclear staining through the Hoechst
¯uorescence channel. B shows the anti-a-tubulin staining pattern
in the FITC ¯uorescence channel. Three bipolar spindles (a, b, and
c) are present. (C) Composite of A and B Hoechst and anti-a-tubulin
stains show characteristic metaphase (m1 and m2) and anaphase
(ana) ®gures. (D) Anti-cyclin B antibody staining. A peroxidase-
coupled secondary antibody is used to visualize the signal. One
strongly staining cell (s) as well as one lesser staining cell (w) are
present. Scale bar is 5 mm in all ®gures.
Taken together, these data showed that complete mitoses
occurred among bristle progenitor cells as a consequence of FIG. 3. Time course of stg induced mitoses. (A) Flow cytometry
analysis of the distribution of wing disk nuclei with G2- and G1-ectopic stg expression.
speci®c DNA content after a 25-min heat shock to Canton S (openIn wild-type disks, mitotic chromosomes were only ob-
squares and circles) and p[Hs-stgRK2 ] (®lled squares and circles)served in the apical portion of the epithelium (Fig. 1A). This
late third instar larvae. Wing disks were sampled before (ntr),is in agreement with previously published ®ndings (Madha-
immediately after the heat shock (0 min) and then at 10-minvan and Schneiderman, 1977; MilaÂn et al., 1996). In contrast
intervals during phenotypic expression at 257C. Squares representto this, ectopically induced mitoses in the wing disk were
the population of nuclei in G2 phase and circles represent thedistributed in all layers through the disk epithelium, except population of cells in G1 phase. 10,000 events were sampled per
in the basalmost compartment of the disk (Figs. 1C±1F). disk and time point. (B) p[Hs-stgRK2 ] wing disk nuclei from the
The same was observed in the other appendage-generating same animals used in the ¯ow cytometry experiment, stained
disks of the thorax (e.g., leg disk in Fig. 1B and data not with Hoechst and visualized by ¯uorescent microscopy. Pro-
shown) except the humeral disk, which was not investi- phases can be seen after 20 min PE. Fully condensed chromo-
somes appear at 30 min PE.gated. Mitotic activity in noninduced disks from transgenic
FIG. 1. Normal and induced mitoses in wing disks. (A) Noninduced disk from a Canton S wandering stage larva, stained with chro-
momycin A3. Only three mitotic nuclei are evident in this disk (arrowheads). All nuclei fall on the apical surface of the disk. Inset in A
is a 2.51 enlargement of the boxed area in A. (B±H) Disks dissected from p[Hs-stg3]/TM6B wandering stage third instar larvae after
induction of the stg transgene, and stained with chromomycin A3. (B) Mitotic nuclei are visible both in the wing (w) and the notum (n)
compartments. The adjacent third leg disk (l) also displays mitotic nuclei. (C±F) Mitotic nuclei (some marked by arrows), at different
focal planes of the presumptive wing region of a disk after the induction of mitoses as in B. Focal planes are apical (C), subapical (D),
superbasal (E), and basal (F). Mitotic chromosomes are seen in all focal planes except basal (F). (G, H) Induced mitoses in a high magni®cation
image of a wing disk hinge region, double labeled for DNA (G) using Hoechst, and tubulin (H) using an anti-a-tubulin antibody and a
FITC-labeled anti-rabbit antibody. Arrowheads point to one metaphase nucleus (G) and the corresponding spindle (H). Bifurcated arrows
points to anaphase nuclei (G) and the corresponding spindle (H). Distal is down in all ®gures. Scale bar is 50 mm (A, B), 20 mm (C±F, and
inset in A), and 10 mm (G, H).
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TABLE 2
Release of Cells from G2 Cell Cycle Arrest after an Ectopic Pulse
of String
Relevant genotype
A
Number of
animals:
p[Hs-stgRK2]
/
/
CyO
With clones on thorax 6 (17%) 27 (45%)
Without clones on thorax 30 (83%) 33 (55%)
( 36 (100%) 60 (100%)
Relevant genotype
B
Number of
animals:
p[Hs-stgRK2]
/
/
CyO
FIG. 5. Ectopic induction of stg in imaginal histoblasts of wander-
ing stage larvae. Ventral histoblast nest (within the indicated area)With clones on abdomen 12 (33%) 14 (23%)
from one central (A2-6) abdominal segment after 45 min of pheno-Without clones on abdomen 24 (67%) 46 (77%)
typic expression. No mitoses are present and no increase in cell( 36 (100%) 60 (100%)
numbers is seen because the number of histoblast cells of this nest
(15) is similar to numbers in noninduced siblings (not shown) andNote. Assayed as a shift in the frequency of mitotic clones on
match the expected 10±16 cells per wild-type ventral nest (Madha-the thorax (A) and abdomen (B) of eclosed ¯ies that had been sub-
van and Schneiderman, 1977). Scale bar is 10 mm. pn, polytenejected to g-irradiation as wandering stage third instar larvae.
nuclei.
animals or from heat-shocked nontransgenic animals was
indistinguishable from that observed in wild-type disks (Fig.
topic stg induction by going through mitosis. Larval integu-1A, and data not shown). Varying the phenotypic expression
ments were dissected after stg induction, stained withtemperature resulted in different timing of the mitotic re-
ethidium bromide, and then mounted for viewing in thesponse after stg induction (data not shown). Longer as well
microscope. We were unable to observe condensed chromo-as shorter time periods of heat shock induction compared
somes or increase in cell numbers among the abdominalto the 25 min for the standard induction time, also gave a
histoblasts during the 2-h PE period after the induction (Fig.mitotic response in individuals carrying the transgene. The
5 and data not shown). We also measured if non-sister chro-minimum heat shock time required to induce mitoses to a
matid exchange, induced by g-ray irradiation, was affectedfrequency above background was approximately 10 min
by the induction of stg in this tissue. The frequency at(data not shown).
which clones appear on the abdomen after irradiation was
not affected by ectopic stg induction to any signi®cant de-
Imaginal Histoblasts Are Refractory to Ectopic gree (x2 analysis gives P  0.5; Table 2), indicating that
String abdominal histoblasts are refractory to ectopic stg expres-
sion. Anti-String antiserum detected String protein in ab-The cells that generate the external features of the adult
abdomen, the abdominal histoblasts, did not respond to ec- dominal histoblasts 30 min after stg induction (data not
FIG. 4. Proliferation in response to stg expression among SO precursor cells of the presumptive anterior margin of the wing. A101.1F3/
p[Hs-stg3 ] wing disks at 1±1.5 h after puparium formation without (A) and after (B) induction of stg. The late third instar larva in which
stg was induced had proceeded to become a white prepupa after the 25-min heat shock and 50 min of PE. Arrowheads point to the two
rows of bristle precursors identi®ed by the A101.1F3 enhancer trap element insertion. After stg induction (B), two double rows of staining
nuclei can be seen. Both wing disks are in the early phases of eversion. Distal is to the right; scale bar is 30 mm.
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shown), indicating that stg transcription was induced by tic furrow. Only a minor fraction of the cells escape
apoptosis and are released into mitoses to be recruited intothe heat shock treatment. Thus, the experiments suggested
that a factor or factors other than stg are limiting for entry developing ommatidia. Baker and Rubin (1992) suggested
that progression of these cells into mitosis is controlled byof abdominal histoblasts into mitosis in wandering third
instar larvae. interactions with differentiating precluster cells, a form of
G2-phase control quite different to that of the intrinsic con-
trol of G2-phase length in embryonic epithelial cells (LuÈ erEctopic String Induces Premature and Extra and Technau, 1992). Consequently, we wanted to know
Mitoses in the Developing Eye±Antennal Disk whether this developmentally different G2 arrest also in-
volves stg transcriptional regulation.The developing eye also provides an imaginal tissue in
which developmentally controlled cell cycle progression Larvae of the genotype y w;EgfrE3; p[Hs-stg3 ]/TM6B, were
subjected to the 25-min heat shocks. Mitotic cells appearedcan be studied. In this organ it is possible to predict the
stage of the cell cycle by comparing the position of a cell in the eye disks (and wing disks) with the same kinetics as
y w; /; p[Hs-stg3 ]/TM6B animals (data not shown). How-relative to the morphogenetic furrow. Cells positioned in
and immediately anterior to the morphogenetic furrow are ever, the maximum number of cells in mitosis scored in
our assays was always higher in eye disks of the EgfrE3; p[Hs-in the G1 phase of the cell cycle. Just posterior to the furrow,
non-precluster cells go through one more cell cycle before stg3 ]/TM6B genotype than in eye disks homozygous for a
wild-type Egfr locus together with the p[Hs-stg3 ] transgenethey are recruited to become an integral part of a neigh-
boring developing ommatidium (Tomlinson and Ready, (compare Fig. 7B to 6B). The extra mitoses were observed
in the region posterior to the furrow where a higher than1987b; Wolff and Ready, 1991a). To visualize cell cycle pro-
gression in the eye disk we stained ®xed disks with Hoechst wild-type proportion of cells reside in G2 (Baker and Rubin,
1992). Close observations revealed that the vast majority,33258, which stains DNA differently in interphase, mitotic,
and apoptotic nuclei, respectively (Elstein and Zucker, and probably all, of the G2-arrested cells were induced to
enter mitoses. When in mitosis, the nuclei all showed an1994). Ectopic stg expression resulted in mitoses just poste-
rior to the furrow in the eye disk (Figs. 6B and 6E), in a apical location (Figs. 6B, 6D, 6E, 6G, 7B, 7C, and 7K). The
induction of mitosis also led to a marked reduction of pyk-region known to contain cells arrested in G2 (Tomlinson
and Ready, 1987b; Wolff and Ready, 1991a). No mitoses notic bodies that were normally present on the basal side
of EgfrE3 eye disks (Figs. 7D and 7E). Eye disks from EgfrE3were observed in the furrow itself (Fig. 6B). A number of
cells far back on the differentiating side of the disk also animals not carrying the p[Hs-stg3 ] construct displayed nei-
ther mitotic nuclei nor any reduction of the number of pyk-went through mitosis (Figs. 6B and 6D). The mitotic ®gures
observed far back on the differentiating side were, without notic nuclei in response to heat shock treatment (Fig. 7F,
and not shown). We interpreted the p[Hs-stg3 ]-dependentexception, positioned between developing photoreceptor
clusters on the apical face of the epithelium. Their position- reduction in pyknotic bodies as a reduction in the number
of cells that go through apoptosis during the course of theing in the ommatidial lattice was stochastic with an overall
ratio being less than one per developing ommatidium. All 30-min PE period.
To test this, we studied apoptosis-dependent DNA frag-cells posterior to the furrow in the eye disk that went
through mitosis in response to ectopic stg induction showed mentation in EgfrE3/p[Hs-stg3 ]/TM6B eye disks by terminal
transferase labeling of strand breaks (referred to as TUNELan apical location of their nuclei (Figs. 6B, 6D, 6E, 6G, 7B,
7C, and 7K). Induced mitoses in eye disks, like induced labeling). Without induction of the stg transgene, wide-
spread labeling was seen in the area where we previouslymitoses in wing disks, also showed normal progression of
mitotic events with development of mitotic spindles (Figs. identi®ed pyknotic bodies, i.e., in the basal region of the
eye disk epithelium posterior to the furrow (Fig. 7G). After6G and 6H), and breakdown of mitotic cyclins (data not
shown). Undifferentiated cells on the anterior side of the induction of stg, labeling in the basal part of the disk was
essentially eliminated (Figs. 7H and 7I). The same was ob-furrow, as well as the cells of the antennal part of the disk
and the peripodial membrane, went through mitoses in served for p[Hs-stg3 ]/TM6B disks (data not shown), although
the overall number of labeling structures was lower, consis-large numbers after the induction of stg (Figs. 6B, 6F, and
7B and data not shown). tent with the smaller number of pyknotic bodies relative to
the EgfrE3 eye disks. This experiment con®rms that cellular
progression into and through apoptosis is disrupted by ec-
G2-Arrested Postfurrow Cells Are Capable of topic stg expression, presumably as a secondary conse-
Mitosis quence of the induction into mitosis.
Interestingly, we also noted labeling in some 100±150In the developing eye disks of larvae homozygous for the
EgfrE3 mutation, too few ommatidial preclusters form (Baker nuclei on the apical face of the disk, positioned slightly
more anterior than the pyknotic bodies (Fig. 7G). Theseand Rubin, 1992). The vast majority of cells, therefore, fail
to be recruited into preclusters and behave like nonrecruited nuclei looked otherwise uncompromised and, in contrast
to the basal nuclei, were observed in similar numbers oncells in the wild type; i.e., they undergo S-phase and arrest
in the following G2 phase. Most of these G2-arrested cells the apical surface of treated and nontreated disks (Figs. 7G,
7J, and 7K). It is possible that this labeling could identifyundergo apoptosis in a region posterior to the morphogene-
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FIG. 6. Position of mitoses occurring after stg induction in eye disks. (A) Nontreated, wild-type disk at an intermediate focal plane
showing the apical compartment of the eye disk epithelium exiting the morphogenetic furrow and a more basal compartment of further
postfurrow cells. Mitotic chromosomes are visible in one cell (arrow) which has exited the morphogenetic furrow (mf) with its nucleus
in an apical location. (B) Induced mitoses in a p[Hs-stg3]/TM6B eye disk. The peripodial membrane (pm) was taken off after ®xation but
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cells that are initiating apoptosis, although this possibility progression in late larval imaginal tissues. The ®rst of these
involved the generation of homozygous stg mutant cellswas not pursued.
using mitotic recombination. No clones that included more
than one bristle per clone were detected. A x2 statisticalEctopically Induced Mitoses Do Not Result in
analysis of the data rejected the possibility of proliferatingVisible Phenotypes in Eclosed Flies
stg clones at a probability level of0.001. We conclude that
Animals that had been subjected to one pulse of ectopi- a functional stg gene is required for the generation of cells
cally induced String late in the third larval instar developed of the body wall epithelium.
into ¯ies that were indistinguishable from untreated
transgenic ¯ies or wild-type ¯ies (data not shown). The eye
Ectopically Produced String Triggers Mitoses inphenotypes of induced and noninduced ¯ies homozygous
G2-Arrested Cells of the Wing Diskfor the EgfrE3 mutation were identical (small elliptical and
rough eyes) even though induction of String resulted in mas-
Cellular proliferation in the thoracic imaginal disks of D.sive numbers of mitoses and strong suppression of apoptosis
melanogaster slows down and ®nally halts toward the endin the differentiating region of the late third instar eye disks
of the larval stage. Most cells (90%, Graves and Schubiger,of animals of this genotype (Figs. 6B, 6D, 6E, and 7A±7I,
1982; 80%, Fain and Stevens, 1982; 80%, this study) areand data not shown). Possible explanations for this lack of
then arrested in G2 phase of the cell cycle. We have shownphenotype are discussed later.
that this arrest depends on down-regulation of stg transcrip-
tion, since ectopic induction of stg allows these cells to go
Induction of Ectopic Mitoses Results in Increased through complete mitoses. Immediately before entering a
Sensitivity to Irradiation normal mitosis, the nucleus of a cell in a pseudo-striated
epithelium, such as that of the wing disk, is in the apicalDuring our attempts to generate mitotic clones on the
part of the epithelium and the cell loses its connection toabdomen and thorax of ¯ies we observed a reduction of
the basal membrane (Madhavan and Schneiderman, 1977).survival for animals that had been subjected to ectopic
As a consequence of this, mitoses occur on the apical faceString before irradiation. In the nontreated control group
of imaginal disk epithelia. Cells of the wing and leg disk45% (of 557 in total) of the eclosed ¯ies were of a Hs-stgRK2
with nonapical nuclei went through mitoses in response togenotype (and 55% were w). In the induced and irradiated
ectopically expressed stg, suggesting that most of, if not thegroup the Hs-stgRK2 genotype was only present as 26% of
entire, G2 arrest period is dependent on a silent stg locus. Nothe 179 total (Table 3). The drop in relative frequency of
mitoses were observed in cells whose nuclei were located onthe Hs-stgRK2 genotype represents a reduced viability of 40%
the basal membrane side of the epithelium where only cellsfor the induced animals of that genotype. Subjecting ani-
in G1 and S phase are normally positioned. Similar results,mals to the heat shock alone did not alter eclosion frequen-
i.e., an apical location of mitotic nuclei in normal mitosescies for the different genotypes (Table 4).
of wing disk cells and massive mitoses in the wing disk
after ectopic stg expression during early metamorphosis,
were recently reported (MilaÂn et al., 1996).DISCUSSION
One interesting observation was the striking difference
in response kinetics between the G2-arrested cells of theWe have used a variety of experimental approaches to
investigate the role of string in the regulation of cell cycle wing disk compared to cycle 14 embryonic cells after an
is still present in the lower 13 of the disk as indicated. Mitotic cells form a stripe just behind the morphogenetic furrow. Mitotic nuclei
are also present in a stochastic pattern further back on the differentiating side of the disk in between developing ommatidia. The
undifferentiated side of the disk, ahead of the furrow, also displays mitotic nuclei. (C) High magni®cation view of a wild-type eye disk
near the optic stalk connection on the differentiating side of the disk. The regular array of four cone cell nuclei per developing ommatidium
is evident in this apical focal plane. (D) High magni®cation view of a p[Hs-stg3]/TM6B eye disk near the optic stalk connection on the
differentiating side of the disk, after induction of the transgene. Mitoses (arrows) occur on the apical face of the disk, between ommatidial
units of four cone cells. (E) High magni®cation view of induced mitoses in the postfurrow region of the eye disk. Mitotic condensed
chromosomes (arrows) are frequent just behind the furrow. (F) Induction of stg also result in mitoses all over the peripodial membrane.
A region of the membrane which straddles the underlying morphogenetic furrow is shown here. (G) Induced mitoses on the differentiating
side of a p[Hs-stg3]/TM6B eye disk visualized by Hoechst staining of DNA. Three ommatidial clusters are indicated (o1, o2, and o3).
Mitotic nuclei (arrows) appear on both sides of o2. Other mitotic nuclei are also present in the picture (small arrows and arrowheads). (H)
Same disk as in G, labeled with an anti-a-tubulin antibody and a FITC-conjugated secondary antibody. The three ommatidial clusters,
indicated (o1, o2, and o3) are identical to the ones in G. Mitotic spindles (arrows) are present on both sides of o2. These correspond to
mitotic nuclei (arrows in G). Two more spindles that correspond to mitotic nuclei are also present (small arrows). No mitotic spindles
that correspond to the condensed nuclei marked by arrowheads in G can be seen in this focal plane. Anterior is to the right in all ®gures.
All disks were stained with Hoechst to visualize nuclei as described under Materials and Methods. Scale bar is 40 mm (A and C), 16 mm
(B and D), 8 mm (E, F), and 6 mm (G, H).
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TABLE 4TABLE 3
Numbers of Eclosed Adults after HeatshockNumbers of Eclosed Adults in a Clonal Analysis Experiment
Relevant genotype Relevant genotype
Treatment
p[Hs-stgRK2]
/
/
CyO
(Treatment
p[Hs-stgRK2]
/
/
CyO
(
Control 114 (47%) 129 (53%) 243 (100%)Control 250 (45%) 307 (55%) 557 (100%)
Induced 47 (26%) 132 (74%) 179 (100%) Induced 71 (49%) 75 (51%) 146 (100%)
Note. Ectopic expression of stg before g-irradiation results in
higher mortality rates. Control and induced refer to heat shock in-
duction of stg prior to g-irradiation.
observed in wild-type wing disks after a 25-min heat shock.
Consequently, the increase in mitotic activity we observe
after the 25-min heat shock plus phenotypic expression of
the transgene-carrying disks is entirely due to the activityectopic pulse of String. Embryonic cells go through mitoses
between 10 and 20 min after an induction period of 25 min of ectopic String. In the publication by MilaÂn et al. (1996),
a similar induction of a stg transgene in wing disks fromand then resume their normal cell cycle patterns (Edgar and
O'Farrell, 1990). Imaginal cells of the wing disk do not go early and late third instar larvae resulted in an average mi-
totic index of 11% at 60 min PE. In wing disks from earlythrough mitoses until 25±35 min after such an induction.
This difference may be due, at least in part, to a block to prepupae the authors reported that most nuclei become mi-
totic after the same treatment. The authors suggest that notthe mitotic machinery which occurs at heat shock tempera-
tures (Maldonado-Codina et al., 1993). During the heat all cells in G2 are sensitive to stg expression in wing disks
before the prepupal stage. The difference in mitotic responseshock, cells in cycle 14 embryos are unable to initiate mito-
sis, but other processes such as morphogenetic movements for larval versus prepupal disks could possibly be attributed
to different relative numbers of cells in G2 arrest at theare unaffected. Increasing numbers of cells, therefore, get
stacked at the mitotic block during a heat shock, resulting different time points. Fain and Stevens (1982) show that the
relative number of cells with a G2 content of DNA increasesin a synchronous release into mitosis of cells from several
different mitotic domains after the heat shock is lifted (Mal- over the entire third larval stage for the wing disk. Also,
Shubiger and Palka (1987) showed that the number of nucleidonado-Codina et al., 1993). In contrast to the cycle 14 em-
bryo, where a 25-min heat shock is long enough time for in S-phase is still relatively high also in late larvae. Like
MilaÂn and co-workers (1996), we also ®nd that a substantialsome cells to approach and stall at the mitotic block, the
vast majority of G2-arrested wing disk cells from wandering fraction of cells will remain in a G2 state after induction of
stg. Either these cells are not sensitive to stg induction,stage larvae are not scheduled to undergo mitosis until after
the disks have everted (Schubiger and Palka, 1987; Fain and despite being a G2 state, or, as could be suggested from data
presented by Shubiger and Palka, (1987), these cells mayStevens, 1982). Therefore, few cells will run into such a
heat shock-dependent mitotic arrest. It is not surprising, not have fully completed DNA replication and therefore are
withheld from entering mitosis by other mechanisms. Ourtherefore, that only a small increase in mitotic index is
FIG. 7. Induction of stg in eye disks of an EgfrE3 genotype results in mitoses of nonrecruited cells and prevents these cells from entering
apoptosis. (A, B) EgfrE3; p[Hs-stg3 ]/TM6B eye disks. (A) The EgfrE3 disk has a less organized structure than that of the control (cf. Figs. 6A
and 6B). No mitotic nuclei are evident and the region containing pyknotic bodies is broader (outlined by arrows) compared to control
disks. The number of pyknotic bodies is also larger. (B) Apical aspect of EgfrE3 disk after induction of stg. Mitoses occur as in the p[Hs-
stg3 ]/TM6B eye disk (see Fig. 6B) but the postfurrow stripe of dividing nuclei is larger in the EgfrE3; p[Hs-stg3 ]/TM6B disk and the number
of mitoses is also higher. (C) Higher magni®cation of a section of the postfurrow region in D showing mitotic chromosomes (arrows). (D)
A higher magni®cation of a region behind the furrow, between the arrows in A, showing interphase nuclei (arrows) and pyknotic bodies
(arrowheads). (E) High magni®cation of a section of the postfurrow region in B showing the near absence of apoptotic remnants. (F) High
magni®cation of a region similar to D and E in an EgfrE3: / disk after heat shock. Apoptotic remnants are present (arrowheads). (G)
Apoptosis, revealed by TUNEL labeling, in EgfrE3; p[Hs-stg3 ]/TM6B disks. Strong labeling of 100±150 cells occurs among apically located
nuclei posterior to the furrow. At approximately the same distance from the morphogenetic furrow, but basally, strong labeling occurs
among smaller, apoptotic cell remnants (seen in this photograph as a diffuse, out of focus signal). (H) Nomarski optics picture of the basal
compartment of an EgfrE3; p[Hs-stg3 ]/TM6B disks after induction of stg. Very few TUNEL labeling bodies are seen in this focal plane. (I)
High-power image of the same disk as in H. Only a few apoptotic cell remnants are labeled (arrows). (J) Nomarski optics image of the
same disk as in H. In this apical focal plane 100±150 labeling nuclei are present posterior to the morphogenetic furrow. (K) Higher
magni®cation of a section of the disk in J. Mitotic nuclei were visualized by Hoechst (arrows). The dark spots correspond to the TUNEL-
positive nuclei in J. mf, morphogenetic furrow. Anterior is right in all ®gures. All disks were stained with Hoechst as described under
Materials and Methods. Scale bar is 40 mm (A, B, G, H, J), 6 mm (C, F), and 12 mm (I, K).
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results suggest that the peak of mitoses that occur after in overrepresentation of cells that adopt a neuronal fate (Xu
and Rubin, 1993). Conversely, gain of function alleles likestg induction in wing disks is centered around 30 min of
phenotypic expression. This is similar to that reported for the dominant allele EgfrE3 give only a slight suppression of
cellular proliferation and a strong underrepresentation ofinduced mitoses in the embryo (Edgar and O'Farrell, 1990),
but different from the 45 to 60 min reported by MilaÂn et cells with a neuronal fate (Baker and Rubin, 1989, 1992).
This has consequences for cellular development posterioral. (1996) for induced wing disk mitoses. We have found that
the temperatures at which both induction and phenotypic to the morphogenetic furrow. In EgfrE3 fewer precluster cells
than in the wild type differentiate to initiate the develop-expression are carried out will in¯uence the timing of the
onset of mitoses (not shown). It is possible that our experi- ment of ommatidia. Apparently all nonrecruited cells then
enter an S-phase typical of the nonrecruited cells in normalments and the ones reported by MilaÁn et al. were carried
out using different temperatures during phenotypic expres- eye disks. Consequently, in EgfrE3 eye disks, the number of
cells that enter S-phase at this point is larger than that insion and that this could explain the difference in the timing
of the mitotic response. Our observations also suggest that the wild type. It has been suggested that release from the
subsequent G2 arrest depends on signals from the few differ-induced entry of wing disk cells into mitosis occurs over a
longer period of time in contrast to the sharp peak of mitotic entiating ommatidia that are present, since only cells in the
immediate vicinity of differentiating preclusters progressresponse observed in the embryo (Edgar and O'Farrell, 1990).
Because mitosis itself is so rapid, analyses at ®xed time through mitosis (Baker and Rubin, 1992). Other, nonre-
leased, cells eventually undergo an apoptotic program andpoints will show only a subset of the cells that are induced
to undergo mitosis. are lost from the developing organ (Baker and Rubin, 1992),
perhaps in analogy to the apoptosis of unrecruited or mispo-
sitioned cells that bring the ommatidia in register in the
Cell Cycle Arrest in the Abdominal Histoblasts Is developing eyes of wild-type animals (Wolff and Ready,
Maintained by a Mechanism Other Than That 1991b). The proposal that precluster cells induce mitosis in
Used in Thoracic Disk Cells adjacent G2-phase cells depends on all of the G2-arrested
cells having the capacity to enter mitosis before they enterThe abdominal histoblasts proved to be insensitive to stg
activation. They remained in a G2 arrest state after induc- the apoptotic program. We have shown that most and per-
haps all postfurrow G2-arrested cells have this capacity; i.e.,tion of the Hs-stg constructs. Neither mitotic ®gures nor
increase in cell numbers nor any drop in the frequency with they can be induced by ectopic stg expression to enter mito-
sis before they enter the apoptotic program, which mostwhich we could generate irradiation-induced clones in these
cells was observed. Abdominal histoblasts, which take part likely simulates the release from a developmentally regu-
lated G2 arrest by stg expression in the normal situation.in the secretion of the larval cuticle, are partially differenti-
ated and stay arrested in the G2 stage of the cell cycle for The disappearance of TUNEL positive (i.e., apoptotic) nu-
clei from the basal region of disks following induced expres-the longest time of all imaginal cells, i.e., most of em-
bryogenesis and the entire larval period (GarcõB a-Bellido and sion of stg shows that apoptotic progression was indeed
halted in response to stg expression.Merriam, 1971; Madhavan and Schneiderman, 1977; Rose-
land and Schneiderman, 1979). This arrest clearly depends Our ®ndings therefore support the hypothesis of Baker
and Rubin (1992) that the decision of the postfurrow G2-on mechanisms additional to stg transcriptional regulation.
This is the ®rst example of G2 arrest during D. melanogaster arrested cells to enter mitosis is dependent on short-range
signaling from the developing preclusters. Further, we ex-development that is not mediated by stg transcriptional reg-
ulation. tend this hypothesis to include the transcription of stg as
the ultimate cell cycle control target of such a signal.
Evidence for Induction of stg by Cellular
Neighbors Mistimed Mitoses Do Not Have a Negative Effect
on Adult DevelopmentAnalysis of eye disks from homozygous larvae carrying
the EllipseB1 allele of the D. melanogaster EGF receptor When looking at the consequences of extra or mistimed
mitoses for the development of various disks, we were un-gene (EgfrE3, Lindsley and Zimm, 1992) provided a good sys-
tem in which to more clearly address the role of stg in the able to ®nd any phenotypic differences between induced
and noninduced or wild-type animals (data not shown). Thepostmorphogenetic mitoses. This is because more cells than
in wild type are arrested in a G2 state after passage of the lack of a phenotype was observed even in the eyes of in-
duced versus noninduced homozygous EgfrE3 ¯ies where wemorphogenetic furrow, but only a fraction of these cells (far
fewer than in wild type) are released into mitosis. It has observed a massive release of G2-arrested cells into mitosis
and a strong suppression of numbers of postfurrow apoptoticbeen suggested that these deviations from wild-type devel-
opment result from differences in cell signaling (Baker and nuclear fragments in eye disks 30 min after induction com-
pared to noninduced disks. This could suggest that apop-Rubin, 1992). EGF-receptor function is crucial for the cor-
rect differentiation of cells in the developing eye disks in totic and mitotic pathways are mutually exclusive for these
cells. In wild-type eye disks a number of nonrecruited post-Drosophila. Loss of function Egfr mutations result in cells
that proliferate considerably less well than wild type and furrow cells escape apoptosis and apparently remain in a
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G2-arrested state far back on the differentiating side of the proposal that extrinsic signals regulate entry into mitoses
for postfurrow G2-arrested cells by demonstrating the gen-disk. Such cells also responded to ectopic String by initiat-
ing mitoses, also without a resultant eye phenotype in eral susceptibility of G2-phase cells to string expression.
Finally, we provide evidence for the regulation of G2 phaseemerged ¯ies. Thus, there were no observable phenotypic
consequences of mistimed or extra mitoses to the develop- by a component other than stg for G2-arrested abdominal
histoblasts, pointing to an additional mechanism that isment of imaginal disks in our experiments. This suggests
that mechanisms ensuring that terminally differentiated used to regulate cellular proliferation during D. melanogas-
ter development.adult tissues have the correct ®nal number of cells display
a high degree of plasticity. This plasticity also applies to
underproliferation, or excessive death, of cells (reviewed by
Bryant and Schmidt, 1990), which are compensated for in ACKNOWLEDGMENTS
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